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Frequency of inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn's Disease (CD), is elevated in the developed world and associated with increasing morbidity (36) . Anatomically, the affected intestine is in immediate proximity to the intra-abdominal mesenteric and omental fat depots, which contain lymph nodes and are well vascularized. Although poorly understood, the presence of adipose tissue wrapping around intestinal lesions in patients with CD (creeping fat) has been well documented during surgery (15) , whereas fat wrapping in UC has not been reported. Moreover, patients with higher body mass index (BMI) at diagnosis demonstrate an increased need for hospitalization during the course of the disease and a shorter time span between diagnosis and surgical intervention (6, 20) . Recent studies demonstrated similarities in the expression patterns between adipocytes isolated from whole mesenteric fat depots obtained from obese patients and those with CD, with inflammation-and lipid metabolism-associated pathways showing the highest degree of convergence between the two groups (51) . A recent report failed to establish a causative relationship between obesity and IBD (12) . This investigation (12) , however, was focused on BMI as a risk factor for developing IBD without assessing directly the effect of obesity on IBD outcome. Despite all the indications favoring a link between obesity and IBD outcome, evidence for this association is still limited.
Using intracolonic administration of 2,4,6-trinitrobenzenesulfonic acid (TNBS), we previously demonstrated histological changes in the mesenteric and epididymal fat depots that resemble changes described in CD and showed increased expression of proinflammatory mediators in these fat depots (21) . TNF-␣, leptin, and adiponectin have also been implicated in the induction of morphological changes in creeping fat adipocytes (11, 15, 18) . Moreover, circulating levels of adiponectin, ghrelin, and resistin are increased, whereas those of leptin are decreased in patients with IBD (24) , suggesting that adipose tissue-derived mediators may affect IBD pathophysiology. Another study showed that high-fat diet (HFD) exacerbates the outcome of colitis and is associated with increased fat mass (31) . Mice on HFD also exhibited an increased number of natural killer T cells, which produced higher amounts of TNF-␣ and IFN-␥ and a decreased number of regulatory T cells (31) . HFD-adoptive transfer of regulatory T cells rescued colitis and lowered cytokine levels observed in the HFD group (31) . These observations underline the potential involvement of adipose tissue-derived responses in IBD pathophysiology.
In the current study, we examined the effects of HFDinduced obesity on colitis outcomes by employing the wellcharacterized model of chronic TNBS-induced colitis in either lean or obese mice. We found striking differences in colitisassociated animal morbidity and mortality after TNBS administration between lean and obese mouse groups. More severe inflammatory changes and dramatically higher cytokine levels were also observed in the colon and the mesenteric adipose tissues in obese mice compared with lean mice. Adiponectin expression in the fat and adiponectin receptor (AdipoR) expression in the intestine were also different in obese vs. lean mice with colitis. Moreover, media obtained from mesenteric fat and cultured preadipocytes isolated from controls, obese patients, and patients with IBD exhibited significant differences in inflammatory mediator release and elicited conditiondependent changes on AdipoR1 expression in NCM460 human colonic epithelial cells, whereas silencing of AdopoR1 in mice showed increased inflammatory changes following experimental colitis.
MATERIALS AND METHODS
Human subjects. Mesenteric fat tissues from patients with IBD (13 UC, 12 CD) and without it (12 control, 9 obese) were used. For the individuals without IBD, fat tissue was resected during gastric bypass (for the management of obesity), gynecological or adenocarcinoma surgery, other gastrointestinal complications, or vascular surgery. Human study protocols have been approved by the UCLA Institutional Review Board for Human Research (IRB no. 11-001527-AM-00003). All participants gave informed consent before taking part. All subjects were fasted for at least 10 h before surgery. Subjects with malignancies were not excluded because they may constitute an important subpopulation that could yield significant information for our intergroup comparisons. Tissues from Cedars-Sinai Medical Center were obtained after informed consent in accordance with procedures established by the Cedars-Sinai Institutional Review Board (IRBs 3358 and 23705).
Isolation of human preadipocytes. Mesenteric fat tissue (2-5 g) was obtained from each patient. The tissue was placed into sterile 50-ml polypropylene tubes containing 15 ml of collagenase solution (1 mg of collagenase/1 ml of PBS, 3 ml of solution/1 g of tissue) and minced to a fine consistency. The solution was then vortexed for 20 s, and the tubes were placed in a 37°C shaking water bath (100 revolution/min) for 40 min. The solution was vortexed and filtered through a doublegauze-containing funnel. The homogenates were centrifuged (1,000 revolution/min, 10 min), and the top fatty layer was collected and washed three times with PBS. The pellet was then resuspended in 10 ml of erythrocyte lysis buffer (154 mM NH 4Cl, 10 mM KHCO3, 1 mM EDTA), placed in a 37°C shaking water bath for 5 min at 100 revolution/min, and centrifuged at 1,000 revolution/min for 10 min. The pellet was resuspended in 10 ml of plating medium (DMEM, 0.1 mM penicillin, 0.06 mM streptomycin, 10% HI-FBS, pH 7.4), vortexed, plated onto 100-mm dishes, and incubated at 37°C.
Cell culture of human preadipocytes. After 20 h, cells were washed three times with 10 ml PBS, and 1 ml trypsin solution (Invitrogen, Carlsbad, CA) was added. Trypsin was inactivated with 5 ml of plating medium, and cells were centrifuged at 1,000 revolution/min for 10 min. The supernatant was aspirated, cells were re-suspended in 10 ml of plating medium, and plated at 5 ϫ 104 cells/cm 2 in plating medium. Cells were incubated at 37°C until they reached confluence, and medium was changed with fresh medium every 48 h. This isolation procedure yields Ͼ99% pure preadipocyte populations (as determined by cloning of individual cells and counting of colonies derived from them that were able to accumulate lipid) (45) . Cells were then subcultured three or four times to ensure removal of macrophages (46) . No ADAM8, F4/80, or macrophage inflammatory protein-1a mRNA, markers of macrophages, were detected by Affymetrix array analysis of human mesenteric or omental preadipocytes prepared using this protocol, as we previously described (23) .
Exposure of NCM460 human colonocytes. For human mesenteric fat tissue media, after surgery, 100 -200 mg of mesenteric fat tissue was removed with sterile scissors, placed in a 15-ml sterile polypropylene tube with 2 ml of FBS-free medium (MEM, 0.1 mM penicillin, 0.06 mM streptomycin, obtained as shown above), and kept in a 37°C shaking water bath for 24 h at 100 revolution/min. The conditioned media (200 l) were then placed over confluent NCM460 colonocytes in 24-well plates for 24 h, and RNA was isolated in Trizol reagent.
For human preadipocyte media, preadipocyte medium was removed from confluent preadipocyte cultures of control patients and those with UC and CD during the third passage after isolation and exposure to confluent plates to fresh medium (MEM, 10% FBS, 1% penicillin/streptomycin,) for 24 h. NCM460 cells were grown to confluence in six-well plates, and 1 ml of preadipocyte media was added for 24 h. The wells were then washed once, and RNA was isolated using Trizol reagent.
For adiponectin, NCM460 cells were grown to confluence with culturing medium (M3D, 1% penicillin/streptomycin, and 10% FBS) in 24-well plates and were exposed to 10 g/ml reconstituted adiponectin (Sigma-Aldrich, St. Louis, MO) or vehicle (PBS, 0.1% BSA) in treatment medium (M3D with 1% penicillin/streptomycin, FBSfree) for 24 h. The wells were then washed once with PBS, and RNA was isolated using Trizol reagent.
Animal groups. Male C57BL/6 mice (18 -20 g), 8 -12 wk old (n ϭ 8 -16 per group) were purchased from Jackson Laboratories (Bar Harbor, ME). Mice were maintained on a normal light-dark cycle and provided with food and water ad libitum. Two groups of C57BL/6 mice were kept on HFD (Research Diets, New Brunswick, NJ) for 6 -8 wk, while two additional groups were fed low-fat diet (LFD) for the same period (or until groups separated by 10 g). After the feeding, TNBS colitis was induced intracolonically to one of the HFD-fed and one of the LFD-fed groups while the other two groups received intracolonic ethanol (control) injections. Collectively, we produced the following four groups: 1) LFD-fed, non-TNBS (LFD-C); 2) LFD-fed, TNBS (LFD-TNBS); 3) HFD-fed, non-TNBS (HFD-C); and 4) HFD-fed, TNBS (HFD-TNBS).
All animal protocols were approved by the Institutional Animal Care and Use Committee at the David Geffen School of Medicine at UCLA, and studies were carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80 23, revised 1978) .
TNBS colitis. Age-and weight-matched mice were lightly anesthetized with isofluorane, and a polyethylene cannula (Intramedic PE-20 tubing; Becton Dickinson, Parsippany, NJ) was inserted intracolonically (at a length of 4 cm). A solution of 40% ethanol (vehicle) or ethanol-containing TNBS (Sigma) was instilled into the colon (3-4 cm from the anus) using a syringe, whereas control animals were treated with vehicle alone. TNBS or vehicle injections were performed once a week for 6 wk of 1.0, 1.5, and 2.0 mg per 20 g (2 wk/dose). Mice were then left untreated for two more weeks. At the end of the study, body weight was assessed, and mice were then euthanized with isofluorane overdose. Pieces of mesenteric fat and intestine were either placed in formalin for immunohistochemistry or frozen for protein and RNA extraction. Colitis score was assessed as described previously (28) .
Real-time PCR. RNA was isolated from mouse and human mesenteric whole-fat tissue and human mesenteric preadipocytes using the Trizol method. RNA (1 g) was reverse-transcribed into cDNA as previously described (22) and incubated with dual fluorogenic probes (Applied Biosystems, Foster City, CA). GAPDH and 18S were used as endogenous controls and were also detected using a dual-labeled fluorogenic probe (5=-FAM/3=-MGB probe, Applied Biosystems). Target mRNA (all from Applied Biosystems) levels were quantified using a fluorogenic 5=-nuclease PCR assay, as previously described (30) using a 7500 Fast Real-Time PCR sequence detection system (Applied Biosystems).
mRNA multiplex analysis. Total RNA was isolated as described above, and inflammation-related gene expression was analyzed using the 42-plex FlexScript LDA inflammatory panel 3 (Luminex, Austin, TX). A sample of total RNA (20 ng) was loaded in each well following treatments described in the company manual (FlexScript LDA). The plate was run using Bio-plex 3D suspension array system (Bio-Rad, Hercules, CA). In addition to total RNA concentration, data were normalized to endogenous controls (GAPDH, B2M, ␤-actin) included within the gene panels.
Intracolonic AdipoR1 knockdown via siRNA. C57BL/6 mice (10 -12 wk old) were placed into three groups (sham-EtOH, scrambled, and siAdipoR1; n ϭ 5 mice per group). At day 0, mice in the sham-EtOH group received intracolonically 100 l of Lipofectamine 2000 (1:50/total volume). Mice in the scrambled group received intracolonically 4 nmol of scrambled nucleotides (SR30004; Origene Technologies, Rockville, MD) in Lipofectamine 2000, and mice in the siAdipoR1 group received 1.33 nmol of each of three anti-AdipoR1 siRNA duplexes (SR412651A, B, and C, Origene Technologies) in Lipofectamine 2000. The same injections were repeated on day 2, whereas, on day 3, mice were injected intracolonically with 5 mg TNBS. Mice were killed for analysis on day 5. Figure 9A includes a schematic representation of the design of these studies.
Immunohistochemistry. Paraffin-embedded colon sections from patients with UC and CD and control patients (n ϭ 4 per group) were mounted on slides. AdipoR1 staining was detected using an antiAdipoR1 rabbit monoclonal antibody (1:100 dilution, ab126611; Abcam, Cambridge, MA) and the EnVisionϩ System HRP Labeled Polymer Anti-Rabbit kit (DAKO, Carpinteria, CA). Staining was performed at the Translational Pathology Core, UCLA following a standard procedure described in Millipore's manual for the primary antibody treatment (Billerica, MA).
Multiplex cytokine and phospho-protein immunoassays. Human mesenteric fat tissue was isolated and plated as described above, and media were collected at the end of the 24-h period. Cytokine concentrations in conditioned media were determined using the Bio-Plex Pro Human Adipokine Magnetic Bead Panel 1 (Bio-Rad), and the final data were obtained and analyzed via the Bio-plex 3D Suspension array system (Bio-Rad). In addition to loading volume, results were normalized for total protein as well as tissue weight.
Statistical analysis. Results were analyzed using the Prism professional statistics software program (Graphpad Software, San Diego, CA). One-way ANOVA and Mann-Whitney U-test (for comparisons between two groups) were used for intergroup comparisons. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

HFD-induced obesity exacerbates the effects of TNBS colitis on mesenteric fat depot mass in C57BL/6 mice.
We previously showed that mesenteric fat depots isolated from TNBS-treated mice express high levels of proinflammatory cytokines and increased inflammatory cell infiltrates (21) . In this study, we separated mice in four groups (n ϭ 8 -16 per group) as described above. We observed that mesenteric fat depot expansion was evident in both lean and obese mice with colitis ( Fig. 1 ). Obese mice with TNBS-induced colitis were the only group that had diarrhea and blood in the stool. Mice were killed 48 h after induction of colitis, and tissues were collected because of the high mortality of animals in the HFD-TNBS group. As expected, HFD-induced obesity alone was associated with increased mesenteric fat mass around the intestine compared with lean, LFD-fed mice (Fig. 1, C vs. A) . In addition, obesity exacerbated this response in the mesenteric fat depots with more mesenteric fat attachment in the HFD-TNBS group compared with LFD-TNBS-exposed mice (Fig. 1,  D vs. B) . Indicative of the severity of colitis, mice in the obese group showed high mortality rates (50%) 48 h post-TNBS using a low TNBS dose commonly used to promote chronic disease (2 mg/20 g). In comparison, lean mice that received the same low TNBS dose were unaffected in terms of viability, weight loss, or diarrhea (data not shown). Thus conditions associated with increased fat mass during obesity contribute to a dramatic worsening of experimental colitis.
In separate experiments, we injected lower doses of TNBS (0.75, 1.00, and 1.25 mg/20 g) in groups of animals as described above in an attempt to reach the endpoint of 6 wk before death. Although the HFD-TNBS group did survive for the duration of the study (6 wk), at these low TNBS doses, we observed very low levels of inflammatory responses even in the obese group with minimal differences between groups [LFD-TNBS vs. HFD-TNBS, P ϭ 0.02 for keratinocyte-derived chemokine (KC), n ϭ 7]. Moreover, no signs of colitis were observed at the gross morphological level in any of the groups (data not shown).
HFD-induced obesity worsens TNBS-induced histological changes in mouse colon.
In the same experimental groups described above, colon was removed after the completion of the study, and histological sections were evaluated as described in MATERIALS AND METHODS. There was significantly increased colonic inflammation in mice fed HFD and treated with TNBS (Fig. 2, D and E) compared with mice in the other three groups (LFD-C, LFD-TNBS, HFD-C, Fig. 2, A-C and E) . Together, these data indicate that obesity may induce alterations in inflammatory mediator release that worsens colitis. Furthermore, mice in the HFD-TNBS group demonstrated increased weight loss compared with the LFD-TNBS group (Fig. 2F , P Ͻ 0.05) and had increased mortality with 50% of mice not surviving after the first 24 -48 h (Fig. 2G) . Tissues from mice that did not survive to the point of death were excluded from any analysis.
HFD-induced obesity increases proteinase 3 mRNA in the colon of TNBS-exposed mice. To further evaluate increased obesity-associated increased immune cell infiltration in mice with colitis, we measured mRNA expression of neutrophil (proteinase 3) and macrophage (EMR1, human homologue of F4/80). Figure 3A (HFD-TNBS vs. LFD-TNBS) shows significant obesity-related increases in colonic proteinase 3 mRNA expression in TNBS-exposed mice, suggesting the increased presence of leukocytes in the intestine during colitis in HFDfed mice. Obesity alone did not lead to any increases in proteinase 3 expression (Fig. 3A , HFD-C vs. LFD-C). In contrast, colonic EMR1 levels were decreased in HFD-TNBS group ( Fig. 3B , P Ͻ 0.01, n ϭ 6 -8). Thus diet-induced obesity is associated with increased colonic neutrophil but not macrophage infiltration.
HFD-induced obesity is associated with increased cytokine expression in mouse intestine during TNBS colitis.
We used real-time PCR to measure mRNA expression of inflammatory cytokines that may affect the development of colitis in mouse colon of all four mouse groups described above. We observed significant obesity-associated increases in the expression of IL-1␤, IL-6, KC (Fig. 4 , A-C, HFD-TNBS vs. LFD-TNBS, respectively, *P Ͻ 0.05, **P Ͻ 0.01, n ϭ 6 -8), and IL-10 ( Fig. 4F , P Ͻ 0.001, n ϭ 6 -8/group) 48 h after TNBS treatment. In contrast, IFN-␥ and IL-2 expression were lower in obese mice exposed to TNBS (Fig. 4, D *P Ͻ 0.05, **P Ͻ 0.01, n ϭ 6 -8/group), indicating an active mechanism that induces the observed changes rather than complete cytokine deregulation attributable to severe colitis. For some of these cytokines such as IL-1␤, IL-6, IFN-␥, and IL-2, we observed increased RNA expression with obesity alone (Fig. 4, A, B, D , and E, LFD-C vs. HFD-C, ##P Ͻ 0.01, ###P Ͻ 0.001, n ϭ 7-8). Such changes may be related to the exacerbated responses observed in the obese group during colitis (Fig. 4 , A-F, HFD-TNBS).
HFD-induced obesity is associated with increased inflammatory cell infiltrate in mesenteric fat depots during TNBS colitis. CD-like increased infiltration of immune cells in adi-
pose tissue can be replicated in the TNBS colitis model (21, 26) . Mesenteric fat was removed from all mice groups at the end of the experiments and examined histologically. As in the intestine, hematoxylin and eosin (H and E)-stained histological sections showed that TNBS-associated inflammatory changes were dramatically exacerbated in the mesenteric fat depots by . Total RNA was isolated from mesenteric fat depots and subjected to real-time PCR analysis. The protein levels of myeloperoxidase (MPO) (A) and the mRNA levels of proteinase 3 neutrophil markers (B) increased in the mesenteric adipose tissue of obese mice with colitis (HFD-TNBS) compared with their nonobese counterparts (LFD-TNBS) or obese (HFD-C) and lean (LFD-C) mice without colitis. C: whereas EMR1 mRNA levels increase with obesity alone (HFD-C), they are not affected by colitis either in lean (LFD-TNBS) or obese (HFD-TNBS) mice (**P Ͻ 0.01.).
HFD-induced obesity, evidenced by increased inflammatory cell infiltrates in fat depots from obese mice with colitis ( Fig.  5D ), compared with mesenteric fat isolated from lean animals (Fig. 5B) . No apparent inflammatory infiltration at the gross morphological level was observed in obese alone vs. lean controls in the absence of TNBS treatment.
We also measured mRNA expression of inflammatory cell markers in the mesenteric fat depots in the different groups of mice. Using a myeloperoxidase (MPO) assay, we show that the levels of MPO, a marker of activated neutrophils, within fat depots were significantly higher during colitis only in the obese group (Fig. 6A , LFD-TNBS vs. HFD-TNBS, P Ͻ 0.01, n ϭ 10 -11). In agreement with our previous study (21), we observed increased proteinase mRNA levels in the mesenteric fat during colitis (Fig. 6B , LFD-C vs. LFD-TNBS, P Ͻ 0.05, n ϭ 10 -11), whereas obesity exacerbated this response (Fig. 6B , HFD-TNBS vs. LFD-TNBS, P Ͻ 0.01, n ϭ 10 -11). EMR1 mRNA is increased in obese mice without colitis vs. lean controls but not compared with lean TNBS and obese control mice (Fig. 6C) . Thus obesity increases neutrophil infiltration in the mesenteric fat during colitis.
HFD-induced obesity alters cytokine responses in mouse mesenteric fat depots during TNBS colitis.
We next isolated RNA from mesenteric fat of all experimental groups and analyzed them for the expression of proinflammatory cytokines that may be involved in the generation of adipocyte-specific effects in the intestine during colitis. Our results from mesenteric fat depots demonstrate dramatic increases with obesity in the mRNA expression of several proinflammatory cytokines such as IL-1␤, IL-6, monocyte chemoattractant protein 1 (MCP-1), TNF-␣, and KC (Fig. 7, A-E , HFD-TNBS, **P Ͻ 0.01, n ϭ 5-8) 48 h after the induction of TNBS colitis compared with all other groups (n ϭ 6 -8). As expected for fat depots during obesity (HFD-C) (25, 44) , the expression of several of these cytokines was increased (Fig. 7 , TNF-␣, MCP-1, IL-1␤, and KC; LFD-C vs. HFD-C; #P Ͻ 0.01, n ϭ 6 -8). Again, the mRNA levels of INF-␥ (but not IL-2) were dramatically reduced in the mesenteric fat of obese mice (HFD-TNBS) following TNBS compared with all other groups (Fig. 7F , *P Ͻ 0.05, n ϭ 5-8). These results indicate that the effects of obesity in the mesenteric fat following colitis are specific and not attributable to complete dysregulation of the inflammatory response. Interestingly, the expression of the anti-inflammatory cytokine IL-10 was dramatically increased in the adipose tissues of obese mice after TNBS treatment (Fig. 7G , P Ͻ 0.01, n ϭ 5-8).
HFD-induced obesity alters the expression of adiponectin and its receptors during TNBS colitis in mice.
Several adipokines have been implicated in IBD pathophysiology, including adiponectin. Adiponectin reduces inflammation by 1) inhibiting macrophage function (34, 48) , 2) triggering proinflammatory cytokine secretion (34, 41) , and 3) upregulating the protective cytokine IL-10. Its expression also decreases with obesity (2), whereas increased adiponectin during CD may facilitate mucosal healing. Here, we demonstrate that adiponectin mRNA expression was increased in the mesenteric depots following intracolonic TNBS (Fig. 8A , LFD-C vs.
LFD-TNBS; #P Ͻ 0.01, n ϭ 10 -13) and decreased during obesity in the mesenteric fat depots of mice (Fig. 8A , LFD-C vs. HFD-C, n ϭ 12-13). However, when we combined obesity with TNBS colitis (HFD-TNBS), the obesity-induced decrease in adiponectin expression was exacerbated (Fig. 8A , P Ͻ 0.001 compared with all groups). Moreover, the expression of its receptors AdipoR1 and AdipoR2 in the mesenteric fat was increased in response to TNBS (Fig. 8, B and C, LFD-C vs. LFD-TNBS; P Ͻ 0.01 and P Ͻ 0.05, respectively, n ϭ 12-13) but remained unaffected by obesity (Fig. 8, B and C, HFD-C vs. LFD-C). In obese mice with colitis, both adiponectin receptors AdipoR1 and AdipoR2 remained at significantly lower levels compared with mice with TNBS alone (Fig. 8, B and C, LFD-TNBS vs. HFD-TNBS). In the intestine, both AdipoR1 and AdipoR2 mRNA levels decreased in obese mice with colitis (Fig. 8, D and E; P Ͻ 0.01 and P Ͻ 0.001, respectively; HFD-TNBS compared with all other groups). In contrast to our observations in mesenteric fat depots, TNBS colitis alone did not significantly alter colonic mRNA expres- sion of these receptors (Fig. 8, D and E, LFD-C vs. LFD-TNBS; strong trend toward decrease), suggesting different roles for adiponectin in the colon and mesenteric fat during colitis.
Intracolonic AdipoR1 knockdown worsens TNBS colitis in mice.
To highlight the potential role for AdipoR1 in intestinal inflammation, we knocked down this receptor via intracolonic administration of anti-AdipoR1 siRNAs before the induction of colitis (siAdipoR1, Fig. 9A ). Expectedly, both the siAdipoR1 and scramble groups showed increased weight lost compared with sham treatment attributable to the TNBS induction (Fig.  9B, *P Ͻ 0.05, n ϭ 5-6) . However, the siAdipoR1 group lost more weight even compared with the scrambled group at day 5 of the study (Fig. 9B, #P Ͻ 0.05, n ϭ 6 ). H and E staining of intestinal sections from the three groups showed worsening of colitis in the siAdipoR1 group compared with both the scrambled and sham (EtOH) groups (Fig. 9C ). Colitis severity (Fig. 9D , P Ͻ 0.01 vs. sham, P Ͻ 0.05 vs. scrambled), mucosal damage ( Fig. 9E , P Ͻ 0.01 vs. sham, P Ͻ 0.05 vs. scrambled), and crypt formation (Fig. 9F , P Ͻ 0.01 vs. sham, P Ͻ 0.05 vs. scrambled) were also exacerbated.
Differential AdipoR1 expression of human colonic epithelial cells following exposure to conditioned media from control, obese, and IBD preadipocytes. To provide evidence of potential adipose tissue-derived effects during obesity or IBD on adiponectin-associated responses in colonocytes, we exposed NCM460 human colonic epithelial cells to conditioned media derived from 8 -19 mesenteric fat tissues of control patients and those with UC and CD and from cultured human preadipocytes of 6 -9 control patients, obese patients, and those with UC and CD. We then examined the mRNA levels of adiponectin receptors in these cells. We observed that conditioned media derived from mesenteric fat tissues of both patients with UC and CD reduced the expression levels of AdipoR1 in NCM460 colonocytes (Fig. 10A , P Ͻ 0.05, n ϭ 8 -19). In addition, conditioned media from preadipocytes from patients with UC induced a significant decrease in AdipoR1 mRNA levels in NCM460 colonocytes ( Fig. 10B , P Ͻ 0.01, UC vs. C, n ϭ 6 -9) but not AdipoR2 (not shown). Strong trends toward decreased AdipoR1 levels were also observed in colonocytes exposed to conditioned media from preadipocytes obtained from obese patients and those with and CD (Fig. 10B , n ϭ 6 -9, P ϭ 0.0667 and 0.0867 for obese patients and those with CD, respectively). Thus changes in adipose tissue-derived mediator secretion during obesity and IBD may alter the capacity of intestinal epithelial cells to respond to adiponectin. Phospho-protein multiplex analysis revealed that phospho-insulin-like growth factor 1 receptor (IGF-1R) levels of NCM460 cells decrease after exposure to conditioned media from preadipocytes isolated from patients with UC and CD compared with those from control patients ( Fig. 10C , P Ͻ 0.01 for UC, P Ͻ 0.05 for CD, n ϭ 6 -9). Conditioned media from fat tissue isolated from patients with IBD decreased mRNA expression of the transcription factor peroxisome proliferator-activated receptor-␥ (PPAR-␥) in NCM460 colonocytes ( Fig. 10D , P Ͻ 0.01 for UC, trend for CD, n ϭ 8 -21). Finally, IGF-1 treatment increased mRNA expression of AdipoR1 in NCM460 colonocytes ( Fig. 10E , P Ͻ 0.01, n ϭ 6) suggesting that AdipoR1 regulation by preadipocytes and fat tissue conditioned media may be mediated via downregulation of IGF-1R signaling. AdipoR1 levels increase in colonic biopsies of patients with IBD vs. controls, and adiponectin reduces cytokine expression in human NCM460 colonocytes. Immunohistochemistry for the detection of the levels of AdipoR1 revealed increased receptor-positive cells in the colonic mucosa of patients with UC and CD compared with control subjects (Fig. 11A) . To investigate the effects of adiponectin in the intestine, we treated human NCM460 colonocytes and collected RNA for the measurement of mRNA expression levels of several cytokines. Among the 42 cytokines measured, we observed that adiponectin treatment led to decreased mRNA levels of IL-2, IL-5, IL-8, IL-17, IL-23, and transforming growth factor-␤2 (Fig. 11 , B-G, *P Ͻ 0.05, **P Ͻ 0.01, n ϭ 6) and increased the mRNA levels of VEGFA ( Fig. 11H , P Ͻ 0.01, n ϭ 6). Thus obesity- Fig. 10 . Conditioned media isolated from preadipocyte cultures from controls, obese patients, and patients with inflammatory bowel disease (IBD) (n ϭ 6 -9) induce differential mRNA expression responses of AdipoR1 in human colonic epithelial NCM460 cells. A: human colonic epithelial NCM460 cells were exposed to conditioned media from mesenteric fat depots of controls and patients with ulcerative colitis (UC) and CD, and AdipoR1 mRNA expression decreased significantly compared with controls. B: NCM460 colonocytes were treated with conditioned media from preadipocytes of controls, obese patients, and patients with IBD for 24 h, and total RNA was collected. Real-time PCR revealed that AdipoR1 mRNA levels are significantly decreased in human NCM460 colonocytes after exposure to media from preadipocytes from patients with UC, whereas there is also a strong trend toward decrease when media from preadipocytes from patients with CD and obese patients are employed. Conditioned media from IBD preadipocytes decrease phospho insulin-like growth factor (IGF)-1R levels (C), whereas conditioned media from fat tissues from patients with IBD (D) decrease peroxisome proliferator-activated receptor-␥ (PPAR-␥) mRNA levels in NCM460 cells compared with media from control patients. E: treatment of NCM460 colonocytes with IGF-1 increased AdipoR1 mRNA levels. *P Ͻ 0.05, **P Ͻ 0.01. associated regulation of AdipoR1 in the intestinal epithelium may affect the ability of these cells to respond to inflammatory regulation by adiponectin during colitis.
Human mesenteric fat depots demonstrate distinct mediator release when isolated from patients with UC and CD. Systemic inflammatory changes are considered a hallmark of obesity (5, 19, 44) . Several of these responses were observed systemically and within fat depots during IBD (51) . We have obtained mesenteric fat depots of 8 control, 14 patients with UC, and 14 patients with CD and collected conditioned media for multiplex adipokine analysis after 24 h in culture. Analysis of the 11 adipokines revealed IBD-associated changes in the release of mediators from human mesenteric fat compared with controls (Fig. 12 , A-F, *P Ͻ 0.05, **P Ͻ 0.01, #P Ͻ 0.1, n ϭ 8 -14). We observed increased adiponectin, TNF-␣, and IL-1␤ (Fig.  12, A, D , and F) release in mesenteric fat from both patients with UC and CD. Moreover, compared with controls, release of leptin was increased only in patients with UC (Fig.  12B) , whereas IL-8 release was increased in patients with CD (Fig. 12E) . Resistin release was also decreased in mesenteric fat depots from patients with CD compared with controls (Fig. 12F ).
DISCUSSION
Our data strongly support the notion that obesity affects the outcome of experimental colitis and produces a dramatically altered inflammatory environment both in fat and the intestine. We demonstrate significant increases in inflammatory cell infiltration in both the intestine and mesenteric fat depots (Figs. 3 and 6) in obese mice during colitis, likely attributable to effects of increased adiposity in the production of inflammatory mediators in both tissues (Figs. 4 and 7 ). Mice were killed only 2 days after TNBS administration and not 6 wk as originally planned. This adjustment was necessary because of the detrimental response of the obese mice to TNBS even at low chronic doses, which failed to cause any inflammatory changes in lean mice. A: immunohistochemistry of human colonic sections shows elevated levels of AdipoR1 during IBD compared with non-IBD controls. Human colonic epithelial NCM460 cells were exposed to 10 ng/ml adiponectin for 24 h in the medium, and the mRNA levels were determined using a multiplex assay (42-plex) . B-G: IL-2, IL-5, IL-2, IL-17, IL-23, and transforming growth factor (TGF)-␤2 mRNA levels were significantly reduced in adiponectin-treated NCM460 colonocytes compared with untreated controls. H: mRNA levels of VEGFA were significantly increased. *P Ͻ 0.05, **P Ͻ 0.01.
It is striking that, for the mediators reported here, the responses in the obese group during colitis are almost identical for both the intestine and adipose tissue. However, not all mediators exhibit the same patterns of expression with obesity alone (HFD-C), with the adipose tissue showing a wider range of responses. Significant decreases in the expression of both IFN-␥ and IL-2 (Fig. 4, D and E, respectively) demonstrate that the effect of obesity on cytokine expression during colitis is a result of specific and controlled transcriptional modulation. Both IFN-␥ and IL-2 are involved in T cell maturation processes, suggesting an important role for obesity in the modulation of T cell responses during colitis. Interestingly, mRNA expression of these two mediators increases significantly during obesity (IL-2, IFN-␥; Fig. 4 , D and E) in the colon but not in adipose tissue. In addition, several of the cytokines dramatically changed in the obese group with colitis (HFD-TNBS) have been shown to participate in the development of experimental colitis and IBD pathophysiology. Briefly, TNF-␣ antagonism represents one of the main treatment modalities for IBD (39) . IL-1␤ has been shown to promote the accumulation and survival of pathogenic CD4(ϩ) T cells in the T cell transfer mouse model of colitis (13) , whereas the levels of this cytokine are elevated and are associated with increased disease activity in the colon of patients with IBD (29, 32) . Similar associations were also demonstrated for the colonic levels of IL-8 in patients with IBD (14) , whereas the IL-10 mouse knockout model provides one of the most common tools for the study of colitis (43) .
As expected, obesity induces differential responses in the expression of proinflammatory mediators both in the adipose tissue and the intestine, suggesting interactions between these two tissues during obesity that may alter the course of colitis. Indeed, novel experimental evidence demonstrating that the intramesenteric adipose tissue mediator content could influence the availability of macrophage subtypes in creeping fat during CD (27) also supports this hypothesis. Collectively, our study is the first to demonstrate direct (and adverse) effects of obesity in the outcome of experimental colitis and elucidate that obesity-related mesenteric fat responses, although not identical, resemble a proinflammatory phenotype during colitis.
Adiponectin has anti-inflammatory properties, and its levels are adversely affected by obesity (33) . A potential protective role of adiponectin in IBD is suggested by its significant increase in mesenteric fat depots (creeping fat) of patients with CD (49) . Our data in Fig. 8A show an obesity-induced reversal in increased adiponectin expression during colitis. Abolishment of a potential protective role of adiponectin may be responsible for the dramatic exacerbation of inflammatory responses observed in the obese group during colitis in our study. We also observed differential expression of both adiponectin receptors in the intestine and adipose tissue during obesity and colitis (Fig. 8, B -E, HFD-TNBS vs. LFD-TNBS), with levels dropping significantly below those of control animals in the intestine (HFD-TNBS vs. LFD-C). The potential importance of the regulation of AdipoR1 levels during colitis is also highlighted by our data in Fig. 9 demonstrating increased . Multiplex analysis of an adipokine-containing panel from 11 humans revealed that mesenteric fat isolated from patients with UC and CD secretes higher levels of adiponectin, IL-1␤, and TNF-␣, (A, D, and F, respectively), compared with controls. Mesenteric fat depots from patients with UC secrete higher levels of leptin (B), and those of patients with CD secrete higher levels of IL-8 (E) compared with controls. G: mesenteric fat depots from patients with CD secrete lower levels of resistin compared with controls. *P Ͻ 0.05, #P Ͻ 0.1.
TNBS colitis-associated weight loss and colonic damage after siRNA-induced AdipoR1 knockdown and by our human data in Fig. 11A showing increased colonic levels of AdipoR1 receptor protein in patients with IBD. Considering the highly conflicting reports on the effects of adiponectin ablation on the course of experimental colitis stemming from studies employing null mice (16, 37, 40) , our data, along with reports on the anti-inflammatory and healing roles of this adipokine in the intestine, suggest the need for additional studies employing more tissue-specific or tissuelimited approaches. Arsenescu et al. (4) showed that overexpression of adiponectin increased serum and colonic levels of IL-10, whereas Th1 cytokines were downregulated. A plant homolog of adiponectin had an identical effect on IL-10 production (4). Furthermore, increased adiponectin expression correlated with resistance to development of colitis, upregulation of T reg response, and downregulation of Th17 pathway mediators (3). Increased IL-10 expression in the colon and fat in our study (Figs. 4F and 7G) suggests a generalized antiinflammatory damage-control mechanism potentially being activated in our colitis model with obesity.
Our results show altered levels of colonocyte adiponectin receptor in response to conditioned medium from preadipocytes from patients with IBD and whole-fat tissue (Fig. 10) , suggesting that changes in mediator expression within fat depots with colitis could affect adiponectin colonocyte signaling. Colitis-associated downregulation of AdipoR1 in the colon may involve IGF-1R signaling-associated pathways, as suggested by our data (Fig. 10) , showing that conditioned media from preadipocytes and fat tissue from patients with IBD reduce the levels of phosphor-IGF-1R (Tyr1131) and PPAR-␥ mRNA. Interestingly, PPAR-␥ has been shown to affect the transcription of both IGF-1R and AdipoR1 (35, 50) . Furthermore, to establish a potential link between IGF-1R and AdipoR1, we treated NCM460 cells with IGF-1 and observed increased AdipoR1 expression. The potential importance of the reduction of colonocyte adiponectin receptor levels by adiposederived products included in the conditioned media is highlighted by the anti-inflammatory effects of adiponectin treatment in the same cells (Fig. 11) . Such effects may be diminished during colitis in obese patients, depriving these individuals of potentially beneficial effects of adiponectin (expression is increased in patients with IBD, Fig. 12A ) and thus exacerbating colitis in these patients. It is thus conceivable that the intestine is exposed to intra-abdominal fat-derived products attributable to the close proximity of these tissues or possibly via the circulation during obesity. It is also likely that such exposure to differentially expressed mediators (Fig. 12 ) takes place during IBD or experimental colitis, especially in cases where the intestinal wall is compromised. This may lead to exacerbation of colitis such as in our case where obese mice show high mortality with a dose to which their lean counterparts remain unaffected. These results suggest that fat-promoted alterations in adiponectin-AdipoR1 signaling may affect the course of colitis during obesity.
In summary, our results implicate obesity-associated changes in the mesenteric fat depots as an important component of the severity of experimental colitis. Our data also provide the first link between altered adipose tissue function during obesity or IBD and intestinal epithelial cell responses and highlight that the adiponectin-adiponectin receptor axis may play a significant role in the regulation of colitis in obese patients.
